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TRANSPORT PROPERTIES AND HOLE DISTRIBUTION OF Nd(Ba1_,Nd,)2Cu30,+a 
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Laboratory of Inorganic Chemistry, University of Groningen, Nijenborgh 16, 9747 AG Groningen, The Netherlands 
a Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The Netherlands 
Received 8 November I989 
The resistivity, Hall effect and thermoelectric power of the solid solution series Nd(Ba,_XNd,)2Cu907+a, with x=0 to 0.25, 
have been studied. Although the average copper valence is nearly constant throughout the series, the transport properties show a 
strong dependence on x ranging from superconductivity with a T, of 95 K at x=0 to an activated conduction at x=0.25. These 
observations are explained within a model where, depending on x, there is a variable distribution of holes between the CuOz 
planes and other parts of the structure, most likely the CUO~ chains. 
1. Introduction 
After the discovery of the 90 K superconducting 
phase YBazCuJO,_g [ 1,2] it was found that Y can 
be replaced by most of the lanthanoids without 
changing T, [ 31. Studies on the Nd-Ba-Cu-0 sys- 
tem have been reported by a number of authors. 
Takekawa et al. [ 41 reported that single phase solid 
solutions Nd(Ba,_,Nd,)2Cu30,+6 exist with x=0- 
0.25 [ 51. Zhang et al. [6] showed that these solid 
solutions exist also for the La, Sm, Eu and Gd an- 
alogs, and that some Nd-Ba disorder in the Nd- 
BazCu30,+a phase (x=0), together with some 
BaCuO, contamination is likely to be present. X-ray 
and neutron diffraction studies showed that 
Nd( Ba,_-xNdx)2Cu307+6 is isostructural with 
YBazCu30, with the extra neodymium ions on the 
barium sites. The structure is orthorhombic for 
xl 0.10 with the 0 (4) sites fully occupied forming 
Cu03 chains along the b-axis. For x> 0.10 the 0 (4) 
and 0 ( 5 ) sites are equally occupied (to an extent of 
50-70%, depending on the oxygen content ), there is 
no long range order and the overall crystal symmetry 
is tetragonal [ 4-81. 
The superconducting transition temperatures of the 
solid solutions decrease for increasing Nd content, 
but superconductivity only disappears for compo- 
sitions with x> 0.20-0.25 [ 6,8,9]. This proves once 
more that orthorhombicity is not a necessary con- 
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dition for superconductivity in the high-T= cuprates. 
Substituting Nd3+ for Ba2+ is expected to lead to 
a decrease of the (electron) hole density and con- 
sequently to a decrease of T,. However, it has been 
observed that the extra positive charge in the Ba lay- 
ers is compensated for by uptake of extra oxygen on 
the 0 ( 5 ) sites [ 5 1. Several determinations of the ox- 
ygen content versus the Nd content have been re- 
ported [4,5,10,11]. The oxygen content (7+6) re- 
ported for a given value of x differs considerably, 
probably due to different preparation and annealing 
conditions, and to different analysis techniques. For 
the sample composition with x=0 the reported val- 
ues of (7+6) range from 6.84 (this work) to 7.23 
[ 41. We believe that the optimum oxygen content in 
this case is 7, or 6=0. Lower values are a result of 
incomplete oxygen uptake during the final cooling to 
room temperature. Values above 7.00 are probably 
a result of Nd-Ba disorder as reported by Zhang et 
al. [ 6 1. More important is the fact that all the above 
mentioned determinations show that when the 
amount of Nd is increased there is exactly one extra 
oxygen ion incorporated for every two extra Nd ions, 
thus following the relation 6=&+x with 
- 0.15 I&,1 0.23. Indeed, iodometric titrations on 
the samples used in this study show that the total hole 
density (or equivalently the average copper valence) 
is constant up to x=0.25. Only at low substituent 
concentrations (x= O-0.05 ) there are some devia- 
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tions from the above given relation, which we think 
is again a result of Nd-Ba disorder. 
In this paper a systematic study on the transport 
properties (resistivity, Hall effect and thermoelec- 
tric power) of Nd(Ba,_,Nd,)zCu30,+6 with x=0 
to 0.25 is presented and the results will be discussed 
using an electronic transport model with mobile holes 
in the Cu02 planes and localized holes in the Cu03 
chains. 
the sample and the voltage drop along it was de- 
tected with an EG&G Model 5204 Lock-in ampli- 
tier. The temperature was measured with a copper- 
constantan thermocouple. 
2. Experimental 
Powders of Nd(Ba,_,Nd,)2CuX0,+a with 
0.01xr0.25 were prepared by solid state reaction 
in air at 950°C starting from Nd203, Ba02 and CuO. 
After pressing and sintering the samples were an- 
nealed at 950°C in 1 bar of pure oxygen and sub- 
sequently slowly (8”C/h) cooled down to room 
temperature. The formal valence of copper was de- 
termined by an iodometric procedure [ 121 and 
amounted to 2.2 independent of the Nd content, x. 
The oxygen content was determined by heating the 
sample in H2 at 900°C and correcting the measured 
weight loss for HZ0 and CO2 content [ 121. The ox- 
ygen content found in this way agreed within 10% 
with the determined formal copper valence. Values 
of 7+6 are listed in table I. 
The Hall voltage was measured as a function of 
applied magnetic field for temperatures between 4.2 
and 300 K. The measurements were carried out with 
a sensitive AC Hall equipment [ 131 employing an 
82 Hz alternating current source. An Oxford cryostat 
was used with a superconducting magnet which could 
be switched within one second between + 3 and - 3 
T. Five contacts were made; two contacts were used 
to compensate for spurious voltages at zero applied 
field caused by misalignment of contacts. At a fixed 
temperature data were taken at applied fields +H,, 





By this we eliminate all effects which depend only on 
the magnitude of the magnetic field (e.g. magneto- 
resistivity). Also possible error voltages due to a 
(linear) time dependence of the “zero voltage set- 
ting” are eliminated. Using a current of 100 mA, Hall 
constants down to 0.3 x 10 -9 m3/C can be detected. 
For transport measurements the pellets were cut 
into rectangular bars of size 10 x 3 x 1.5 mm3. Con- 
tacts were applied using silver paint. 
The electrical resistivity was measured with a 
standard four point method at temperatures between 
4.2 and 400 K in an atmosphere of helium gas. A 1 
mA, 83 Hz alternating current was passed through 
Thermoelectric power data were obtained with the 
sample clamped between two gold contacts. The data 
were monitored by means of a microcomputer op- 
erated system covering the range 5-350 K. Starting 
at 5 K the temperature of the measuring chamber was 
increased stepwise, and at each fixed temperature one 
sample contact was slightly heated until a tempera- 
ture gradient over the sample of 2.5 K was reached. 
A series of slopes from thermovoltage versus tem- 
Table I 
The onset and final transition temperatures, r, and Td, of Nd( Ba, _,Nd,),Cu 0 3 ,+,rdetermined from resistivity, Hall effect (B-0) and 
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perature gradient was obtained for gradients de- 
creasing from 2 to 1 K using a least square fitting. 
During this decrease, only 3-4 data points deter- 
mine the slope at low temperatures, while at room 
temperature the decrease is slower and follows 1% 
20 points to be recorded giving a greater precision 
for each slope determined. Each series was averaged 
to yield the thermoelectric power as a function of 
temperature [ 141. The data were corrected for the 
contribution of the Au contacts. In the region 4.2- 
80 K the gold contacts were calibrated against the 
NdBa2Cuj06.84 sample of which the thermoelectric 
power is zero below 93 K. At higher temperatures a 
lead sample was used for calibration, using the data 
of ref. [ 151. 
During the thermoelectric and Hall measurements 
the temperature was registered by measuring the 
voltage over a calibrated silicon diode. 
3. Results 
In fig. 1 the resistivity of Nd( Ba, _xNd,)zCuJO,+s 
for various x values is shown. For the x=0 and 0.05 
samples the temperature dependence of the resistiv- 
ity above T, can be written as p =po + aT. For higher 
Nd contents the resistivity above T, shows a small 
negative curvature. The samples with x=0.20 and 
0.25 show an upturn in the resistivity at low tem- 
peratures indicating that the charge carriers get lo- 
calized and an activated transport process sets in. 
The Hall coefficients as a function of temperature 
TEMPERATURE (K) 
Fig. 1. The resistivity of Nd(Ba,_XNdX)2CuS07+s for different 
values of x (solid lines are drawn as a guide to the eye). 
of Nd(Ba,_xNdx)2Cu307+6 for various x are shown 
in fig. 2a. For all samples the Hall effect above T, is 
positive in sign indicating that the most effective 
charge carriers are holes. At temperatures just above 
and below T, the Hall effect is governed by super- 
conducting fluctuations and/or flux flow [ 16,17 1. In 
fig. 2a the dashed line depicts the temperature region 
where the Hall effect goes to zero, or even negative 
values, for low values of the applied magnetic field. 
The solid line gives RH calculated from the Hall volt- 
age measured at 3 T. In fig. 2b we show the Hall 
number, nH = v,/R,e (v. is the volume per formula 
unit), i.e. the calculated number of charge carriers 
per formula unit, for temperatures above T,. For a 
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Fig. 2. (a) The Hall coeftkient, RH, of Nd(Ba,_XNd,)2CuX07+a 
for different values of x. The solid line is a guide to the eye and 
around T, it connects values of RH measured at 3 T. The dashed 
line show the region where RH goes to zero for H,+O. (b) The 
Hall number, nH, calculated from nH = V/R,e, where V is the vol- 
ume per formula unit and e is the elemental charge. The solid line 
shows the linear least square fit. 
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given composition the Hall number increases with 
temperature and shows a reasonable fit to nHnno + bT. 
For NdBa2Cu306.84 nn ranges from 0.5 at 150 K to 
1.3 at 300 K. The Hall number decreases as the Nd 
content is increased. 
Fig. 3 shows the thermoelectric power of the 
Nd(Ba,_,Nd,)2Cu30,+d samples. For the x=0 
sample we measure a thermoelectric power of + 7.5 
uV/K at 100 K, slowly decreasing with increasing 
temperature to + 6 uV/K at 300 K. With increasing 
Nd content the thermoelectric power increases. The 
samples with x2 0.10 show a broad maximum in the 
thermoelectric power in the range of 150-200 K. Be- 
low 90 K the transition of the normal to the super- 
conducting state proceeds in a stepwise manner. We 
attribute these steps to different oxygen contents and/ 
or -ordering in parts of the sample. Similar steps are 
seen in our resistivity and Hall measurements on the 
x=0.10 and 0.15 samples, and in the AC suscepti- 
bility measurements of refs. [ 8, lo]. The fact that the 
steps are so clearly seen shows that measurement of 
the thermoelectric power is a very sensitive tool for 
detection of superconducting phases. For determi- 
nation of the superconducting transition tempera- 
ture, measurement of the thermoelectric power has 
the advantage of being a zero-current and zero-ap- 
plied field method, but a disadvantage is the need of 
a temperature gradient. The transition temperatures, 
T,, determined from the above mentioned transport 
measurements are listed in table I. 
TEMPERRTURE t Kl 
Fig. 3. The thermoelectric power of Nd(Ba, _-xNdx)2Cu307+6for 
different values of x. 
4. Discussion 
All the high temperature superconducting cu- 
prates found so far have in common the presence of 
Cu02 planes and these planes are believed to be re- 
sponsible for the superconductivity. The charge car- 
riers in these planes are believed to be holes in 
Cu(dX2_yZ)-O(pX,,) orbitals with a considerable ox- 
ygen character [ 18 1. 
The linear temperature dependence of the resis- 
tivity and Hall number are a common feature seen 
in all high-T, materials with CuOZ planes, provided 
that their composition is near that of maximum T,. 
Measurements on single crystals show that it is a 
property of the a,b-direction, i.e. the CuOZ planes, 
and that, on account of the very high anisotropy, the 
transport measurements on polycrystalline samples 
represent the properties of the CuOZ planes. How- 
ever, up to now there is no accepted theory that ex- 
plains why there is a linear temperature dependence 
of the resistivity and Hall number. Therefore we only 
give an explanation of the changes in the transport 
properties of the series Nd(Ba,_,Nd,)2Cu30,++ 
The model we use has been put forward in refs. 
[ 10, 1 1,191. The basic concept of the model is that 
there is a distribution of the holes between the CuOz 
planes and other structural subunits, e.g. the Cu03 
chains. Holes in the CuOZ planes have a high mo- 
bility in the plane and they dominate the electronic 
transport in polycrystalline samples of the high-T, 
cuprates. The holes outside the planes are believed 
to be localized. In fig. 4 the hole mobility is plotted 
for our samples with x=0,0.05 and 0.10, as deduced 
from the Hall effect and resistivity measurements. 
From this we conclude that, for low X, the mobility 
of the holes in the planes does not depend on the Nd 
content. Therefore the increase of the resistivity and 
the Hall effect with increasing x is solely caused by 
a reduction of the number of holes in the CuOZ 
planes. Consequently, because the total hole concen- 
tration is constant, the number of localized holes 
outside the planes increases. 
It has been shown by Tokura and others [ 19,10,20] 
that T, scales with the concentration of holes in the 
CuOZ planes. The maximum T, is reached when the 
hole concentration is approximately 0.25 hole per 
plane per Cu. Both lower and higher hole concen- 
trations tend to decrease T,. 
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Fig. 4. The mobility of the holes in the CuOz planes as calculated 
from the resistivity and Hall data of Nd(BaI_XNdX)2Cu~0,,d 
with x=0,0.05 and 0.10. 
Table II 
Hall number, nH, at 300K (per formula unit), the transition 
temperature, T,,, as determined from the midpoint of the resis- 
tive transition and the hole concentrations per Cu in the Cu02 
planes, p,,,, and CuOs chains, pc (see text). 
X hi Tan(K) &I PC 
0 1.34 93 0.25 0.50 
0.05 0.92 92 0.17 0.66 
0.10 0.48 80 0.09 0.82 
0.15 0.34 69 0.06 0.88 
0.20 0.22 38 0.04 0.92 
0.25 0.20 20 0.04 0.93 
We can estimate the number of holes in the CuOZ 
planes by comparing the Hall number at a fixed tem- 
perature, e.g. 300 K (see table II). We are aware that 
this is an arbitrary choice because of the not yet 
understood temperature dependence of the Hall ef- 
fect. Also, the Hall effect has to be corrected for the 
anisotropy, polycrystallinity and porosity of the 
samples. In spite of all this the measured Hall num- 
ber is of the right order and can be used to compare 
samples which have a comparable crystal structure 
and morphology. We estimate the number of holes 
in the CuOZ plane, pPl, by scaling the Hall number 
at 300 K of the x=0 composition to a hole concen- 
tration of 0.25 hole per plane per Cu. From this and 
by assuming that the total number of holes is 1 per 
formula unit, independent of x, we calculated the 
number of holes which are localized in the chains, pc 
(see table II). In fig. 5 T, is plotted as a function of 
2;i 
.05 .lO .15 .20 .25 
ppL (per pLotlo per Cul 
Fig. 5. The transition temperature, T,, as a function of the hole 
concentration i the planes, p,,. The error bars indicate the width 
of the resistive transition. 
pPl. It shows that T, follows the decrease in the num- 
ber of holes in the planes. 
At present we have no complete explanation of the 
thermoelectric power of the high-T, cuprates. It is 
known that the thermopower of polycrystalline pel- 
lets resembles that of the a&plane thermopower of 
YBa2Cu307_-6 single crystals [ 2 11. This indicate that 
the thermopower is dominated by the holes in the 
CuOz planes on account of the very high anisotropy 
of the electric conductivity. Furthermore there is a 
clear resemblance between the thermopower of high- 
T, cuprates with or without the Cu09 chains, so the 
contribution of the chains must be small. Conse- 
quently, the increase of the thermopower (and the 
resistivity ) on increasing Nd content is caused by the 
reduction of holes in the planes. 
We argue that the driving force for transfer of holes 
from plains to chains is of electrostatic origin. The 
extra oxygen incorporated at the 0( 5) sites makes 
the “chain part” of the structure more negative, and 
thus more attractive for the positive charged holes. 
The extra positive charge brought by the neodym- 
ium ions will not greatly influence the location of the 
holes because they are located somewhat in between 
the chains and planes. 
5. Conclusions 
We have shown that the dependence of the trans- 
port properties on x in the solid solution series 
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Nd(Ba,_XNd,)2Cu307+6 can be explained by con- 
sidering a distribution of holes between the Cu02 
planes and, most likely, the Cu03 chains. The de- 
crease of the number of holes in the planes explains 
the decrease of T,. From Hall effect measurements 
together with results from iodometric titration a good 
estimation of the number of mobile (plane) holes 
and localized (chain ) holes can be made. 
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